In this paper, a portable PZT interface for tension force monitoring in the cable-anchorage subsystem is developed. Firstly, the theoretical background of the impedance-based method is presented. A few damage evaluation approaches are outlined to quantify the variation of impedance signatures. Secondly, a portable PZT interface is designed to monitor impedance signatures from the cable-anchorage subsystem. One degree-of-freedom analytical model of the PZT interface is established to explain how to represent the loss of cable force from the change in the electromechanical impedance of the PZT interface as well as reducing the sensitive frequency band by implementing the interface device. Finally, the applicability of the proposed PZT-interface technique is experimentally evaluated for cable force-loss monitoring in a lab-scaled test structure.
Introduction
Recently, structural health monitoring (SHM) has been spotlighted in aerospace and civil infrastructures [1] [2] [3] . Among a variety of SHM studies, many researchers have focused on monitoring prestressed structures by using global and local dynamic characteristics [4] [5] [6] [7] [8] [9] [10] . For global methods, the acceleration response of low frequency range has been usually utilized to monitor the change in structural characteristics. However, the low-frequency vibration responses are not very sensitive to local prestress loss occurring in cableanchorage subsystem. For local methods, on the other hand, the electromechanical (EM) impedance response of a high frequency range has been very promising to monitor small incipient change of structural characteristics.
The impedance-based method was first proposed by Liang et al. [11] . Since then, many researchers have improved the method and applied it into various damage detection problems such as pipeline system [12] , thin circular plate [13] , concrete beam and frame [14, 15] , plate girder bridge [16] , and bolted connection [17] . The method utilizes the EM impedance of a coupled PZT-structure system to detect the change in structural characteristics at local critical region. For damage monitoring, the change in impedance is usually quantified by the statistical pattern recognition or simply by the impedance shift at resonance [8, 13, [17] [18] [19] .
Recently, Kim et al. [8] applied the impedance-based method for prestress-loss monitoring in tendon-anchorage connection by detecting the change in pattern of the impedance responses at the anchorage. Although the method has shown the excellent performance to detect prestress loss in tendon anchorage, it still has a few limitations for practical applications. Firstly, the effective frequency band which is sensitive to the variation of prestress force could be very significant, even above 800 kHz for a monotendon anchorage [8] , as shown in Figure 1 . In this case, a high performance impedance analyzer is needed to capture signals from such a high frequency range. Due to its bulky size, this device is not convenient to be implemented out of laboratory. Moreover, the price associated with the instrument system is very costly. To overcome these disadvantages, many efforts have been carried out by adopting wireless impedance device [9, 20] . In order to apply the new approach, however, the measurable frequency range of 10 kHz-100 kHz of the wireless sensors should be dealt appropriately for impedance measurement as well as feature extraction. Secondly, the impedance frequency bands which are sensitive to prestress loss should be predetermined before employing the impedance-based method for the damage detection job. Generally, the effective frequency range is varied dependent on target structures and usually determined by trial and error. This causes difficulty when dealing with real structures since the effective frequency range is almost unknown and may take much effort to obtain it by trial and error. In order to overcome the above-mentioned limitations, Nguyen and Kim [21] proposed an impedance-sensitive PZT interface for monitoring prestress loss in tendon-anchorage subsystem. The interface device is a thin aluminum plate equipped with a PZT patch. As shown in Figure 2 (a), the PZT-interface is partly clamped at one end by a bearing plate and an anchor block and freely vibrated at another end. The implementation of the PZT interface was successful in indicating various prestress losses in the tendon-anchorage connection. Also, the sensitive frequency range to prestress loss was reduced to below 100 kHz (Figure 2(b) ) which was measurable by a wireless impedance sensor system. However, this design of PZT interface must be installed during the construction of the cable-anchorage subsystem. So it is impossible to apply it into existing cable-supported structures. Also, the presence of this aluminum interface device between anchor and bearing plate may reduce bearing capacity of cable-anchorage system due to its low stiffness.
In order to overcome the drawbacks of the newly designed interface device, a portable PZT interface is developed for the impedance-based cable force monitoring in tendon anchorage. Firstly, the principle of the impedancebased monitoring technique is presented. A few damage evaluation approaches are outlined to quantify the variation of impedance signatures. Secondly, a portable PZT interface is designed for monitoring impedance signatures from postinstallation into existing cable-anchorage connections. A one degree-of-freedom analytical model of PZT interface is established to explain how to represent the loss of cable force from the change in the EM impedance of PZT interface as well as reducing the sensitive frequency band by implementing the interface device. Finally, the applicability of the proposed PZT-interface technique is evaluated experimentally for cable force-loss monitoring in a lab-scaled test structure. the PZT and the structure is simply explained by 1D freebody diagram of PZT-structure system as shown in Figure 3 . Due to inverse piezoelectric effect, an input harmonic voltage ( ) induces a deformation of PZT. Because the PZT is bonded to the structure, a force ( ) against that deformation is induced into the structure and the PZT as well. For 1 dof system, the structural mechanical impedance of the host structure ( ) is obtained by the ratio of force ( ) to velocity( ) as follows [11] :
Impedance-Based Monitoring Technique
where and are the damping coefficient and the mass of the structure, respectively; is the angular natural frequency of the structure; and is the angular frequency of the excitation voltage. As shown in (1), the structural mechanical impedance is a function of mass, damping, and stiffness (i.e., stiffness is introduced from natural frequency, = 2 ). Thus, the change in structural parameters can be represented by the change in the structural mechanical impedance.
In practice, the electric current ( ) is measured and then it is utilized to calculate the EM impedance as follows [11, 22] :
is the complex Young's modulus of the PZT patch at zero electric field;̂= (1 − ) is the complex dielectric constant at zero stress; 3 is the piezoelectric coupling constant in -direction at zero stress; = √ /̂is the wave number where is the mass density of the PZT patch; and , , and are the width, length, and thickness of the piezoelectric transducer, respectively. The parameters and are structural damping loss factor and dielectric loss factor of piezoelectric material, respectively. As shown in (2), the EM impedance, ( ), is a combining function of the mechanical impedance of the host structure, ( ), and that of the piezoelectric patch, ( ). Therefore, the change in structural parameters ( , , ) can be represented by the change in the EM impedance.
For damage monitoring using the impedance-based method, the frequency range which should be utilized is an important issue. The frequency band should be selected appropriately in order to realize the structural change in the EM impedance. Generally, if the excitation frequency is not identical to the natural frequency of the structure (i.e., ̸ = ), the structural mechanical impedance takes the full term of (1) . In this case, the impedance of the structure is very significant compared with the mechanical impedance of the PZT (i.e., ( ) ≫ ( )). As a result, the term ( )/ ( ) is neglected and the EM impedance is approximated as
In (3), the contribution of the structural mechanical impedance to the EM impedance is filtered out. Therefore, the structural change may not be identified sensitively by the EM impedance. On the other hand, if PZT sensor is excited by a frequency matching with the natural frequency of the structure (i.e., = ), and the structural mechanical impedance takes only the term of damping coefficient (i.e., ( ) = ). Therefore, the structural impedance for that frequency is comparable with the mechanical impedance of the PZT, and the EM impedance is expressed as
In (4), the contribution of the structural mechanical impedance to the EM impedance is the damping coefficient . This contribution causes resonant response in the EM impedance signature at the correspondent frequency. In other words, the EM impedance at resonance represents not only the modal damping but also the natural frequency of the structure. Therefore, the structural change could be identified sensitively by the change in the EM impedance at a resonant frequency.
Damage Evaluation Approach

Root Mean Square Deviation.
To quantify the change in the EM impedance, the root mean square deviation (RMSD) index is utilized [18] . RMSD index is calculated as
where ( ) and * ( ) are the impedances measured before and after damage for the th frequency, respectively, and denotes the number of frequency points in the sweep.
Basically, the RMSD is equal to 0 if no damage occurs and larger than 0 if damage occurs. However, due to experimental and environmental errors, the RMSD may be larger than 0 although damage does not occur. To deal with the uncertain conditions, the control chart analysis is used for decisionmaking out of RMSD values. The upper control limit of 4 Mathematical Problems in Engineering the RMSD (UCL RMSD ) is adopted for alarming damage occurrence as follows:
where RMSD and RMSD are mean and standard deviation of RMSD data set at undamaged condition, respectively. In (6), the UCL RMSD is determined by three standard deviations of the mean, which is corresponding to 99.7% confidence level. The calculation of the UCL RMSD is outlined in three steps: firstly, impedance signals are measured at undamaged condition; secondly, RMSD values for impedance signals are computed by (5), and then a set of RMSD values is obtained; and finally, the UCL RMSD is calculated using (6) . The occurrence of damage is indicated when the RMSD values are larger than the control limit. Otherwise, there is no indication of damage occurrence.
Correlation Coefficient Deviation.
The correlation coefficient deviation (CCD) index can also be used to quantify the change of the whole impedance signatures [13] . The CCD index is calculated as follows:
where [⋅] is the expectation operation; Re( ) signifies the real parts of the EM impedances of the th frequency before and after damage; Re() signifies the mean values of impedance signatures (real part) before and after damage; and signifies the standard deviation values of impedance signatures before and after damage. Note that the asterisk ( * ) denotes the damaged state. Similarly, the upper control limit of the CCD (UCL CCD ) with 99.7% confidence level is computed to deal with the experimental and environmental errors, as follows:
where CCD and CCD are mean and standard deviation of CCD data set at undamaged condition, respectively. The calculation of the UCL CCD is also outlined in three steps: firstly, impedance signals are measured at undamaged condition; secondly, CCD values for impedance signals are computed by (7), then a set of CCD values is obtained; and finally, the UCL CCD is calculated using (8) . When the CCD values are larger than the UCL CCD , the occurrence of damage is alarmed. Otherwise, there is no warning sign of damage occurrence.
Portable PZT Interface for
Impedance-Based Monitoring
Cable Force Monitoring by Impedance Response of Bearing
Plate. A system of tendon anchorage under prestress force can be modeled by connection components (i.e., bearing plate, anchor block, and tendon) and contact forces in equilibrium condition, as shown in Figure 4 (a). Prestress force is modeled by tendon force acting on the anchor block and transformed to contact pressure and bearing stress in the interface of anchor block and bearing plate. According to contact mechanism [23] , the interaction in the contact interface can be simplified by two-dimensional damping and spring stiffness in normal and transverse axes, as shown in Figure 4(b) . Basically, the interfacial spring stiffness and damping values represent the amount of contact pressure and stress field acting at the interface. In the previous study by Ritdumrongkul et al. [24] , it was reported that the variation of interfacial stiffness and damping parameters is associated with the variation of contact pressure which is generated from bolt torque. Hence, the variation of tendon force can be treated as the variation of those structural parameters at the contact interface.
On the other hand, the change in the structural contact parameters can be identified sensitively by the change in the EM impedance at a resonant frequency, and an approach for cable force-loss monitoring is conducted by examining the EM impedance of anchorage. Due to that, the bearing plate is relatively more elastically deformable than the anchor block (i.e., assuming the anchor block as rigid body), and it is easier to capture the change in the structural contact parameters if the PZT patch is attached on the bearing plate, as shown in Figure 4 (b). The main idea is that the EM impedance of the bearing plate is monitored to detect the change in the structural parameters at the contact interface, since these parameters represent the contact pressure (bearing stress) or tendon force.
Based on the analytical models of the interaction between piezoelectric patch and host structure [21, 22, 25] , the bearing plate and the PZT patch are simply modeled as 1 dof system by bearing plate's mass ( ), bearing plate's stiffness and damping ( , ), contact stiffness ( 1 , 2 ), and contact damping ( 2 , 2 ), as shown in Figure 4 (c). For simplification, the series model is selected since the bearing plate is the target structure and the contact parameters are considered as the boundary conditions, as schematized in Figure 4(b) .
The equivalent structural stiffness ( ) of the simplified model can be computed as
where = 1 + 2 is the total contact stiffness; suppose = / is the ratio of the bearing plate's stiffness to the total contact stiffness; then the equivalent structural stiffness is rewritten as follows:
It is worth noting that for cable-supported structures, the bearing plate's stiffness and the total contact stiffness are very considerable resulting in an enormous value of the equivalent structural stiffness. Consequently, the natural frequency of the system would be significantly high. Figure 1 illustrates the experimental setup and monitoring results carried out by Kim et al. [8] on a lab-scale tendon anchorage. As shown in the figure, the EM impedance of the anchorage varied according to tendon force loss. However, the impedance response must be monitored in a very high resonant frequency range, above 800 kHz in that study. The experimental result proves that if the PZT is bonded at a very stiff region, the resonant response of the structure must be obtained at a very high frequency excitation.
Portable PZT Interface for Impedance-Based Monitoring.
In order to reduce the high resonant frequency and deal with wireless impedance measurement, a PZT interface was given by Nguyen and Kim [21] , as previously described in Section 1. The drawbacks of this PZT-interface design are preinstalled in the construction and affecting the bearing capacity of the cable-anchorage subsystem. In consideration of these disadvantages for the impedance-based cable force monitoring, a portable PZT interface is proposed as shown in Figure 5 (a). The interface device is a thin-walled beamlike member with a PZT patch mounted on it. A partial free surface in the bottom of the interface is intentionally designed to make the PZT patch freely vibrating when being mounted on the bearing plate. Figure 5 (b) schematizes an analytical model of cableanchorage connection with equivalent structural parameters at contact boundary surfaces. Since the EM impedance technique is very sensitive to structural changes in near field boundary condition, any change in structural variables due to cable force loss would lead to the change in the EM impedance response of PZT interface. By this way, the loss of cable force can be monitored by the portable PZT interface. The primary advantages of this interface design are its mobility and its adaptability to be applied in any existing cable-anchorage connections.
As shown in Figure 5 (c), the PZT interface is simply modeled as 1 dof system by PZT interface's mass ( ), PZT interface's stiffness and damping ( , ), contact stiffness ( 1 , 2 ), and contact damping ( 1 , 2 ) [21, 22, 25] . The equivalent structural stiffness ( ) is then computed as
Suppose = / is the ratio of the PZT interface's stiffness to the total contact stiffness; the equivalent structural stiffness is rewritten as follows: Substituting (12) into (10) leads to the ratio of the equivalent stiffness of the PZT interface ( ) to that of the bearing plate ( ) as follows:
If the PZT interface's stiffness is much smaller than the bearing plate's stiffness ( ≪ ), then ≪ ; and therefore the equivalent structural stiffness of PZT-interface system will become much smaller than that of bearing plate system, ( ) ≪ ( ) according to (13) . Assume the mass of the PZT interface ( ) is comparable with that of the bearing plate ( ); the natural frequency of the PZTinterface system would be significantly reduced. It should be experimentally proved that the effective frequency range of the EM impedance is smaller than 100 kHz by implementing a portable aluminum PZT interface.
Experimental Evaluation of Portable PZT Interface for Cable Force Monitoring
Experimental
Setup. An experiment was carried out for a lab-scale cable-anchorage system to validate the implementation of proposed PZT interface for the impedance-based cable force monitoring. As shown in Figure 6 , a cable in length of 6.4 m was anchored by two bearing plates at two ends; and tension force was introduced into the cable by a stressing jack. A load cell was installed at one cable anchorage to measure the actual cable force. The experimental setup on tendon anchorage is also described in Figure 7 . An aluminum interface equipped with a PZT-5A patch (Lead Zirconate Titanate) was installed on the bearing plate of tendonanchorage connection (Figure 7(b) ). The PZT sensor was excited by a harmonic excitation voltage with 1 V amplitude, and the impedance signature was measured by a commercial impedance analyzer HIOKI 3532 (Figure 7(c) ). The cable was first pretensioned to 0 = 49.5 kN which was considered as the healthy state. For cable damage simulation, the tension force was reduced to 1 = 39.2 kN, 2 = 29.4 kN, and 3 = 19.6 kN, as listed in Table 1 . For each damage case, five repeated measurements were conducted. During the measurements, the stressing jack was removed from the cable-anchorage system to avoid the influence of the jack weight on the actual cable force. Although the upper control limit could be used to deal with the experimental and environmental errors, not all environmental errors could be excluded such as temperature change. In the scope of Mathematical Problems in Engineering this study, therefore, room temperature was kept as close as constant of 23-24 ∘ C by air conditioners during the tests.
Cable Force versus Impedance Response.
As stated previously, the primary motivation to invent the interfacing device is to fulfill the specification of wireless impedance sensors. According to the specification of wireless impedance devices [9, 20] , the frequency sweep should be within 10-100 kHz to ensure the accuracy of impedance measurement as well as feature extraction. Therefore, the frequency range 10-100 kHz was examined to evaluate the feasibility of the portable PZT interface on cable force monitoring using wireless technology. In general, real part of EM impedance contains much more information of structural behaviors than imaginary part [18, 26] . Hence, real part of impedance response was examined for tendon force-loss monitoring. ranges are associated with only PZT properties as clarified in (3).
The resonant frequencies tend to shift left according to the decrement of cable force (Figures 8(b) and 8(c) ). This indicates that modal stiffness of the whole system including the PZT interface and bearing plate is decreased with the reduction of cable force. For the four tension levels, the resonant frequencies corresponding to two resonant bands are outlined in Table 1 . It is found that the frequency shift is very small, not greater than 0.5% for the first resonant frequency ( 1 ) and 0.2% for the second one ( 2 ). For the damaged case 3, moreover, the second resonant frequency could not be identified. Therefore, the frequency shift is not reliable to quantify the impedance variation in this study.
Generally, the CCD is sensitive to the horizontal shift and less sensitive to the vertical shift of the impedance signature while the RMSD is sensitive to both. As observed in Figure 8 , the cable force loss causes not only the vertical shift but also the horizontal shift of the impedance response. Therefore, both RMSD and CCD indices are examined for four tension levels. The cable force monitoring results are summarized in Table 1 . Figures 9 and 10 , respectively, show the RMSD and CCD indices calculated according to the increment of cable force loss for the wide frequency band (i.e., 10-100 kHz) and the narrow ones (i.e., 15-25 kHz and 75-95 kHz). It is worthy to note that the RMSD and CCD indices are the mean values obtained from five repeated measurements of each damage case.
Both RMSD and CCD indices increase proportionally with the reduction of cable force. Obviously, RMSD and CCD indices of the wide frequency range of 10-100 kHz show good indication of cable force loss as the sensitive frequency range of 75-95 kHz and even better than that of 15-25 kHz. It is found that RMSD indices are higher than Mathematical Problems in Engineering CCD indices for all considered frequency bands (i.e., 10-100 kHz, 15-25 kHz, and 75-95 kHz). This result indicates that the RMSD damage indicator can better indicate the change in impedance response due to the loss of cable force. By implementing the proposed PZT interface, the good results of cable force monitoring were achieved not only for the sensitive frequency range but also for the whole measurable frequency band of 10-100 kHz.
Concluding Remarks
In this study, a portable PZT interface was developed to deal with the problems of the frequency range selection for the impedance-based cable force monitoring in tendon anchorage. Firstly, the principle of the impedance-based monitoring method was presented. A few damage evaluation approaches were outlined to quantify the variation of impedance signatures. Secondly, a portable PZT interface was designed for monitoring impedance signatures from postinstallation into existing cable-anchorage members. A one degree-offreedom analytical model of PZT interface was established to explain how to represent the loss of cable force from the change in the electromechanical (EM) impedance of PZT interface as well as reducing the sensitive frequency band by implementing the interface device. Finally, the applicability of the proposed PZT-interface technique was experimentally evaluated for cable force-loss monitoring in a lab-scaled test structure. The implementation of the portable PZT interface was successful in indicating various cable force losses in the labscaled tendon anchorage. The EM impedance of the PZT interface was sensitive to the tendon force loss, even when the examined frequency range was smaller than 100 kHz. Both RMSD and CCD damage indicators were successfully employed to quantify the impedance variation due to the loss of cable force. The good monitoring results were achieved not only for the sensitive frequency range but also for the whole measurable frequency band of wireless impedance sensors (i.e., 10-100 kHz). According to the experimental verification, RMSD was chosen as the best damage indicator for cable force-loss monitoring in tendon anchorage using the portable PZT interface. Since the PZT interface is mobile and adaptable to be applied in any existing cable-anchorage connections, it is very promising for practical applications.
Despite the feasibility of the portable PZT interface for the impedance-based cable force monitoring in cable anchorage, further studies are still remaining: (1) the amount of the prestress loss should be quantitatively estimated via the relationships between the prestress loss and the RMSD and CCD indices; (2) since the variation of the contact stiffness quantitatively represents the cable force loss, the identification of this structural parameter should be carried out; (3) for the practical use of the PZT interface, there is a need to examine the environmental effects on the accuracy of the impedance-based technique.
